We report the detection of CO(J=1→0) emission in the strongly lensed high-redshift quasars IRAS F10214+4724 (z=2.286), the Cloverleaf (z=2.558), RX J0911+0551 (z=2.796), SMM J04135+10277 (z=2.846), and MG 0751+2716 (z=3.200), using the Expanded Very Large Array and the Green Bank Telescope. We report lensing-corrected CO(J=1→0) line luminosities of L ′ CO = 0.34−18.4×10 10 K km s −1 pc 2 and total molecular gas masses of M (H 2 ) = 0.27−14.7×10 10 M ⊙ for the sources in our sample. Based on CO line ratios relative to previously reported observations in J≥3 rotational transitions and line excitation modeling, we find that the CO(J=1→0) line strengths in our targets are consistent with single, highly-excited gas components with constant brightness temperature up to mid-J levels. We thus do not find any evidence for luminous extended, low excitation, low surface brightness molecular gas components. These properties are comparable to those found in z>4 quasars with existing CO(J=1→0) observations. These findings stand in contrast to recent CO(J=1→0) observations of z≃2-4 submillimeter galaxies (SMGs), which have lower CO excitation and show evidence for multiple excitation components, including some low-excitation gas. These findings are consistent with the picture that gas-rich quasars and SMGs represent different stages in the early evolution of massive galaxies.
INTRODUCTION
Investigations of the molecular and dusty interstellar medium (ISM) in high redshift galaxies are of key importance to studies of galaxy evolution at early cosmic times, as the ISM provides the material that fuels star formation and stellar mass assembly. It is particularly interesting to better understand the ISM properties of galaxies that host both intense star formation and a luminous active galactic nucleus (AGN), as this enables simultaneous investigations of supermassive black hole and stellar bulge growth in galaxies. A key cosmic epoch for such studies is the redshift range 2 z 3, where both cosmic star formation and AGN activity peak, and thus, where most of the growth of stellar and black hole mass in galaxies occurs (e.g., Magnelli et al. 2009; Richards et al. 2006 ).
Some of the most remarkable distant AGN-starburst galaxies are gas-rich, far-infrared luminous quasars at z>2. To date, the molecular ISM of 34 high-z quasars has been detected through emission from rotational lines of CO, 14 of which are gravitationally lensed (see review by Solomon & Vanden Bout 2005 , and Riechers 2011 for a recent summary). Given the sensitivity of past observatories, gravitational lensing is key to probe down to intrinsically fainter (and thus, more common) systems. One key aspect of these studies is that most detections were obtained in mid-J (i.e., J≥3) CO transitions. Only three of the 34 quasars were observed in the groundstate CO(J=1→0) line (e.g., Carilli et al. 2002; Riechers et al. 2006a) . It thus remains a possibility that many of these studies are biased toward the highly excited gas that does not necessarily trace the entire molecular gas reservoir seen in CO(J=1→0).
To overcome the limitations of previous studies, we have initiated a systematic study of the CO(J=1→0) content of high-z quasars and other galaxy populations with the Expanded Very Large Array (EVLA; Perley et al. 2011 ) and the 100 m Robert C. Byrd Green Bank Telescope (GBT). In this Letter, we report the detection of CO(J=1→0) emission toward five strongly lensed z>2 quasars, using the EVLA and the GBT. We use a concordance, flat ΛCDM cosmology throughout, with H 0 =71 km s −1 Mpc −1 , Ω M =0.27, and Ω Λ =0.73 (Spergel et al. 2003 (Spergel et al. , 2007 F10214+4724 (z=2.286) , the Cloverleaf (z=2.558), RX J0911+0551 (z=2.796), and MG 0751+2716 (z=3.200). The resolution is indicated at the bottom of each panel. For MG 0751+2716, the inset shows the CO line emission after subtracting the underlying continuum emission. Contours are in steps of 1σ=125, 115, 75, and 330 µJy beam −1 for each source, respectively, starting at ±2σ (except the CO+continuum map of MG 0751+2716, where contours are in steps of 4σ). The maps are averaged over 160, 648, 185, 70, 18.75, and 28 MHz) , respectively.
Cloverleaf (z=2.558), RX J0911+0551 (z=2.796), and MG 0751+2716 (z=3.200), using the EVLA. At these redshifts, all lines are shifted to the Ka band (0.9 cm; see Table 1 for redshifted line frequencies). Observations were carried out under good weather conditions in six D array tracks between 2009 October 26 and December 09, and on 2010 July 17 and 18. This resulted in 5.0, 1.0, 12.0, and 1.0 hr (2.1, 0.6, 5.1, and 0.6 hr) total (on-source) observing time for IRAS F10214+4724, the Cloverleaf, RX J0911+0551, and MG 0751+2716, respectively. For IRAS F10214+4724 and RX J0911+0551, an additional 0.9 and 2.3 hr on source were spent on separate continuum settings. The nearby quasars J0958+4725, J1415+1320, J0909+0121, and J0748+2400 were observed every 3.5 to 7 minutes for pointing, secondary amplitude and phase calibration. For primary flux calibration, the standard calibrators 3C286 and 3C147 were observed, leading to a calibration that is accurate within ∼10%.
Observations for the Cloverleaf and MG 0751+2716 were carried out with the WIDAR correlator, using two intermediate frequencies (IFs) of 128 MHz (dual polarization) each at 2 MHz resolution. For the Cloverleaf, the two IFs were overlapped by two channels, centered on the CO line, yielding 252 MHz contiguous bandwidth. For MG 0751+2716, one IF was centered on the CO line, and the second IF was centered on the continuum at 32.046 GHz.
Observations for IRAS F10214+4724 and RX J0911+0551 (which have narrow CO lines) were carried out with the previous generation correlator, with two 21.875 MHz (dual polarization) IFs at 3.125 MHz resolution. For IRAS F10214+4724, both IFs were centered on the CO line, yielding 43.75 MHz contiguous bandwidth. For RX J0911+0551, one IF was centered on the CO line, and the second IF was centered on the continuum at 34.3173 GHz. For these two sources, one third of the on-source time was spent to observe a second frequency setting with two 50 MHz continuum IFs offset by ±150 MHz from the CO lines, yielding more sensitive constraints on the continuum emission.
For data reduction and analysis, the AIPS package was used. All data were mapped using 'natural' weighting. The data result in final rms noise levels of 125, 115, 75, and 2.2. GBT We observed the CO(J=1→0) emission line toward IRAS F10214+4724, the Cloverleaf, SMM J04135+10277 (z=2.846), and MG 0751+2716, using the facility Ka band receiver on the GBT with the digital Spectrometer backend (GBT/S) and the Zpectrometer analog lag cross-correlation spectrometer backend (GBT/Z; instantaneously covering 25.6-36.1 GHz; Harris et al. 2007 ; see Table 1 ). This yields a typical beam size of ∼23 ′′ . GBT/S observations were carried out under acceptable to good weather conditions during 14 sessions between 2007 October 10 and 2008 October 12, yielding typical system temperatures of T sys =42-57 K (with higher T sys toward higher observing frequencies due to the atmosphere). This resulted in 4.3, 3.7, 2.5, and 8.7 hr on-source observing time for IRAS F10214+4724, the Cloverleaf, SMM J04135+10277, and MG 0751+2716, respectively. In addition, the Cloverleaf was observed with the GBT/Z for another 6 sessions between 2008 March 02 and 2009 March 12. This resulted in 14.7 hr of observing time, about half of which was spent on the Cloverleaf. The GBT/S was configured with 800 MHz bandwidth, yielding a spectral resolution of 391 kHz. The GBT/Z samples its 10.5 GHz bandwidth with 8 MHz spectral channels. Its instrumental spectral response is nearly a sinc function with an FWHM of 20 MHz, i.e., individual 8 MHz spectral channels are not statistically independent. However, the line width correction for the instrumental response for spectral lines with intrinsic Gaussian FWHM of >30 MHz (∼300 km s −1 ) is minor. Subreflector beam switching was used every 10 s for all observations (GBT/S and GBT/Z) to observe the sources alternately with the receiver's two beams, with the off-source beam monitoring the sky background in parallel. To remove continuum fluxes and atmospheric/instrumental effects, low-order polynomials were fitted to the the spectral baselines of the calibrated, timeaveraged GBT/S observations. For the GBT/Z observations, a nearby second, faint source was observed with the same subreflector switching pattern, alternating between targets with 8 min cycles. Residual structure from optical beam imbalance in the "source-sky" difference spectra of Note. -µL: lensing magnification factor (see Riechers 2011 , and references therein). GBT/S: Measured with the GBT digital Spectrometer backend. GBT/Z: Measured with the GBT wideband Zpectrometer backend. a Corrected for magnification due to gravitational lensing.
CO(1−0) on CO(7−6) in the Cloverleaf Fig. 2. -Overlay of CO(J=1→0) and CO(J=7→6) emission (left; CO J=7→6 map from Alloin et al. 1997) , and independent EVLA, GBT/Spectrometer, and GBT/Zpectrometer CO(J=1→0) spectra (middle left to right) in the Cloverleaf (z=2.558). The spectra (histograms) are shown at 4, 3.906, and 8 MHz resolution (37, 36, and 74 km s −1 ). The solid curves indicate Gaussian fits to the spectra. The GBT/Z channels are not statistically independent on scales below 20 MHz (2.5 channels).
the two targets was then removed by differencing the resulting spectra of both sources (the second source was not detected). This strategy yields a flat baseline (offset from zero flux by the difference of the two source's continua) without standard polynomial baseline removal. For all observations, several nearby quasars were targeted regularly to monitor telescope pointing and gain stability. Passband gains and absolute fluxes for all observations were determined from spectra of 3C286 and 3C147, yielding 10%-15% calibration accuracy.
All data were processed with GBTIDL (Marganian et al. 2006) , using standard recipes and/or the Zpectrometer's data reduction pipeline (see Harris et al. 2010 for GBT/Z details). After processing, the GBT/S data were re-binned to 3.906 MHz (33-43 km s −1 ) for further analysis.
RESULTS
We have detected strong CO(J=1→0) emission toward IRAS F10214+4724, the Cloverleaf, RX J0911+0551, SMM J04135+10277, and MG 0751+2716. We spatially resolve the CO(J=1→0) emission in IRAS F10214+4724 and the Cloverleaf, but do not resolve the CO(J=1→0) emission in RX J0911+0551 and MG 0751+2716 (Fig. 1) . The measured sizes and upper limits are consistent with the lens configurations of these targets if the CO reservoirs have intrinsic sizes of a few kpc. Accounting for beam convolution, the gas distribution in the Cloverleaf is consistent with that observed in higher-J lines (e.g., Alloin et al. 1997 ), but may be somewhat more extended (Fig. 2, left) . We detect rest-frame 2.6 mm continuum emission toward the Cloverleaf and MG 0751+2716 at 386±107 µJy and 17.4±0.7 mJy strength. We also detect rest-frame 2.2 mm continuum emission toward MG 0751+2716 at 13.9±0.6 mJy strength. We do not detect rest-frame 2.6 mm continuum emission toward IRAS F10214+4724 and RX J0911+0551 down to 3σ limits of 270 and 170 µJy. The continuum emission in MG 0751+2716 is consistent with non-thermal emission from its radio-loud AGN (e.g., Lehár et al. 1997; Riechers et al. 2006b ). The continuum detection and limits for the other targets are consistent with thermal and nonthermal emission associated with star formation in their host galaxies (e.g., Weiß et al. 2003; Ao et al. 2008; Wu et al. 2009 ).
The CO(J=1→0) line profiles of all sources were fitted with single-component Gaussians, which yields good fits to all data (Figs. 2 and 3) . The three independent measurements of the CO(J=1→0) line in the Cloverleaf (EVLA, GBT/S, and GBT/Z) yield consistent line profiles and intensities within the relative uncertainties, suggesting that the interferometric observations recover the full flux, and that the calibration of the single-dish observations is reliable to high accuracy. Due to the limited bandwidth of the observations of RX J0911+0551, the line is only marginally covered in velocity. However, the fitted line FWHM of 111±19 km s −1 is in excellent agreement with the ∼110 km s −1 measured in the CO(J=3→2) to CO(J=9→8) lines (A. Weiß et al., in prep.) .
10 The GBT/S measurement of the CO(J=1→0) line in MG 0751+2716 shows an instrumental resonance feature ∼800 km s −1 bluewards from the line center, which is excluded from the spectral baseline fit, and does not appear to affect the line flux measurement. The CO(J=1→0) line peak flux densities, widths, integrated intensities, and centroid redshifts for all sources and measurements are detailed in Table 1 . Two or three independent CO(J=1→0) measurements were obtained for IRAS F10214+4724, the Cloverleaf, and MG 0751+2716. The median CO redshifts and line intensities for these sources are given in Table 1 , and are adopted for all further analysis. All five targets are gravitationally lensed. =1.00±0.10, 1.06±0.03, ∼0.95, 0.93±0.25, and 0.97±0.17 for IRAS F10214+4724, the Cloverleaf, RX J0911+0551, SMM J04135+10277, and MG 0751+2716, respectively (CO J=3→2 measurements are from Ao et al. 2008 , Weiß et al. 2003 , A. Weiß et al., in prep., Hainline et al. 2004 , and Alloin et al. 2007 . These values are fully consistent with thermalized gas excitation (i.e., r 31 =1) in all targets.
ANALYSIS

Line Excitation Modeling
The two best-studied targets in our sample are IRAS F10214+4724 and the Cloverleaf (e.g., Ao et al. 2008; Barvainis et al. 1997; Weiß et al. 2003; Bradford et al. 2009 ). Based on CO(J=3→2) to CO(J=9→8) observations in the literature and our CO(J=1→0) detections, we can constrain the line radiative transfer through Large Velocity Gradient (LVG) models, treating the gas kinetic temperature and density as free parameters. For all calculations, the H 2 ortho-to-para ra-tio was fixed to 3:1, the cosmic microwave background temperature was fixed to 8.95 and 9.69 K (at z=2.286 and 2.558), and the Flower (2001) CO collision rates were used. For consistency with previous modeling of both sources (Ao et al. 2008; Riechers et al. 2011a ), we adopted a CO abundance per velocity gradient of [CO]/(dv/dr) = 1 × 10 −5 pc ( km s −1 ) −1 (e.g., Weiß et al. 2005 Weiß et al. , 2007 Riechers et al. 2006a) .
Observations of both targets are fit very well by singlecomponent models (except the CO J=5→4 flux in the Cloverleaf, which is likely too low due to calibration issues related to the restricted bandwidth of these early observations; Barvainis et al. 1997 ; see also A. Weiß et al., in prep.) . For IRAS F10214+4724, we fit a representative model with a kinetic gas temperature of T kin =60 K and a gas density of ρ gas =10 3.8 cm −3 , yielding a moderate optical depth of τ CO(1−0) =1.6 (Fig. 4a and c) . For the Cloverleaf, we fit a representative model with T kin =50 K and ρ gas =10 4.5 cm −3 , yielding a high optical depth of τ CO(1−0) =8.9 ( Fig. 4b and d) . While not formally excluding the presence of some colder gas (given the remaining uncertainties), these models are consistent with previous fits based on the CO J≥3 transitions alone (Ao et al. 2008; Bradford et al. 2009; Riechers et al. 2011a) . They are also consistent with what is found for z>4 quasars observed in CO(J=1→0) emission (Riechers et al. 2006a; Weiß et al. 2007 ). This finding is in agreement with the CO(J=1→0) emission in high-z quasars being associated with optically thick emission from the highly excited molecular gas detected in high-J CO transitions, without any evidence for significant additional low-excitation gas components.
Molecular Gas Masses
The CO(J=1→0) emission in our targets appears to be associated with highly excited gas that has physical properties consistent with those found in the nuclei of nearby ultra-luminous infrared galaxies (ULIRGs). We thus calculate their gas masses assuming a ULIRG-like conversion factor of α CO =0.8 (Downes & Solomon 1998 ). This yields lensing-corrected molecular gas masses of M gas =0. 46, 3.1, 0.27, 14.7, and 1.2×10 10 M ⊙ for IRAS F10214+4724, the Cloverleaf, RX J0911+0551, SMM J04135+10277, and MG 0751+2716, respectively. SMM J04135+10277 is now revealed as the high-z quasar with the highest M gas currently known. The gas masses of all systems lie within ; error bars of literature data have been conservatively extended to include 10%-15% calibration uncertainties) are fit well by single, highly excited gas components with kinetic temperatures of T kin =60 and 50 K and gas densities of ρgas=10 3.8 and 10 4.5 cm −3 , respectively (see also Ao et al. 2008; Riechers et al. 2011a ).
the range found for other high-z quasars (mostly determined based on observations of J≥3 CO transitions), with IRAS F10214+4724 and RX J0911+0551 being situated at the low end of the observed range (which can currently only be investigated with the aid of strong gravitational lensing; e.g., Riechers 2011).
DISCUSSION AND CONCLUSIONS
We have detected strong CO(J=1→0) emission toward IRAS F10214+4724 (z=2.286), the Cloverleaf (z=2.558), RX J0911+0551 (z=2.796), SMM J04135+10277 (z=2.846), and MG 0751+2716 (z=3.200). Our EVLA observations have spatially resolved the emission toward IRAS F10214+4724 and the Cloverleaf (Fig. 1) . We find line brightness temperatures consistent with those measured in mid-J CO lines. Excitation modeling indicates that the CO(J=1→0) emission is associated with the warm, highly excited gas in the star-forming regions in the host galaxies that is also seen in the higher-J CO lines. This result suggests that mid-J CO lines are good indicators of the total amount of molecular gas in gas-rich high redshift quasar host galaxies, consistent with previous findings based on a smaller sample of z 4 quasars (Riechers et al. 2006a) , and extending these studies to the peak epoch of cosmic star formation and AGN activity. In contrast, recent studies of CO(J=1→0) emission in z>2 SMGs suggest that many of these galaxies have substantial amounts of low-excitation gas (e.g., Hainline et al. 2006; Carilli et al. 2010; Harris et al. 2010; Ivison et al. 2010 Ivison et al. , 2011 Riechers et al. 2010 Riechers et al. , 2011b Riechers et al. , 2011c . Such a difference is in agreement with the picture that gas-rich quasars and SMGs represent different stages in the early evolution of massive galaxies. Such an observational finding would be consistent with a high redshift analogue of the ULIRG-quasar transition scenario proposed by Sanders et al. (1988) .
In this picture, it may be expected to find some sources with gas properties that overlap with both populations, i.e., SMGs with molecular gas properties closer to those of the quasars studied here. The recently identified z=2.957 SMG HLSW-01 may be an example of such "overlap" sources. Most of its gas properties are consistent with those of "typical" SMGs (i.e., its gas mass, gas mass fraction, gas depletion timescale, star formation efficiency, specific star formation rate, and dynamical structure; Riechers et al. 2011d ), but it shows a high r 31 =0.95±0.10 (i.e., consistent with 1), and an overall high CO excitation (Riechers et al. 2011d; Scott et al. 2011) . Its high radio luminosity, dust temperature, and CO excitation may suggest the presence of a luminous, perhaps obscured AGN (Conley et al. 2011; Riechers et al. 2011d; Scott et al. 2011) . However, based on CO studies at high z to date, systems like HLSW-01 appear to be rare among SMGs.
These results demonstrate that observations of loworder CO transitions in high redshift galaxies with the EVLA will be of enormous utility to establish the context for studies of highly excited CO emission with the Atacama Large (sub)Millimeter Array (ALMA). Complementary studies with the EVLA and ALMA will be key to distinguishing different high-z galaxy populations based on the physical properties of the molecular gas in their star-forming environments.
